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Potassium channelWe investigated the mechanism by which extracellular acidiﬁcation promotes relaxation in rat thoracic aorta.
The relaxation response to HCl-induced extracellular acidiﬁcation (7.4 to 6.5) was measured in aortic rings
pre-contracted with phenylephrine (Phe, 10−6 M) or KCl (45 mM). The vascular reactivity experiments were
performed in endothelium-intact and denuded rings, in the presence or absence of indomethacin (10−5 M),
L-NAME (10−4 M), apamin (10−6M), and glibenclamide (10−5M). The effect of extracellular acidosis (pH 7.0
and 6.5) on nitric oxide (NO) production was evaluated in isolated endothelial cells loaded with
diaminoﬂuorescein-FM diacetate (DAF-FM DA, 5 μM). The extracellular acidosis failed to induce any changes
in the vascular tone of aortic rings pre-contracted with KCl, however, it caused endothelium-dependent and
independent relaxation in rings pre-contracted with Phe. This acidosis induced-relaxation was inhibited by
L-NAME, apamin, and glibenclamide, but not by indomethacin. The acidosis (pH 7.0 and 6.5) also promoted
a time-dependent increase in the NO production by the isolated endothelial cells. These results suggest that
extracellular acidosis promotes vasodilation mediated by NO, KATP and SKCa, and maybe other K
+ channels
in isolated rat thoracic aorta..049-900, HC-FMRP, 9o. andar,
+55 16 3602 2496.
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The pH of the blood and extracellular ﬂuids is generally maintained
around7.4, but someacuteandchronicdisorders suchashypoxia,diabetes
mellitus, diarrhea, and renal disorders can disrupt the acid–base
homeostasis leading to systemic acidemia (de Morais et al., 2008), a
common problem in intensive care units (Kellum, 2000). The severe
acidosis can affect the cardiovascular function, decreasing the cardiac
output, the arterial blood pressure, and the hepatic and renal blood ﬂow
(Adrogue and Madias, 1998). In fact, the pH can modulate the vascular
tone (Gaskell, 1880). Concerning acidosis, most research showed that
acidosis induces relaxation mediated by nitric oxide (NO/cGMP-
dependent), prostacyclin (PGI2/cAMP-dependent), as well as hyperpo-
larization (Aalkjaer and Poston, 1996; Ishizaka and Kuo, 1996). However,
some studies demonstrated that low pH promotes contraction in isolated
aortas fromspontaneouslyhypertensiveandWistarKyoto rats (Furukawa
et al., 1996; Rohra et al., 2002). Besides these different responses of
vascular tone during acidosis, the mechanisms involved in this responseare not completely understood, especially for conductance arteries. The
present study aimed to investigate themechanism bywhich extracellular
acidiﬁcation promotes relaxation in rat thoracic aorta.
2. Materials and methods
2.1. Materials
Acetylcholine (Ach), indomethacin, phenylephrine (Phe), glibencla-
mide, apamin and HEPES were purchased from Sigma Chemical
Company (St. Louis, MO, USA). NG-nitro-L-arginine methyl ester
(L-NAME) was obtained from Calbiochem (San Diego, CA, USA).
The dye diaminoﬂuorescein-FM diacetate (DAF-FM DA) was acquired
from InvitrogenCorporation (Carlsbad, CA, USA). The thiopental sodium
was purchased from Cristália (São Paulo, SP, Brazil). All the other salts
were obtained from Vetec Química Fina Ltda (Duque de Caxias, RJ,
Brazil). Almost all the drugs were prepared with distilled water, except
for indomethacin (dissolved in 100% ethanol) and thiopental sodium
(prepared with physiological solution NaCl 0.9%).
2.2. Experimental design
Theexperimental procedures andanimalhandlingwere reviewedand
approved by the Institutional Committee for Animal Care and Use of the
Fig. 1. pH–response curve in endothelium-intact and endothelium-denuded rat
thoracic aortic rings exposed to extracellular acidosis (HCl 1 N). The rings were pre-
contracted with KCl 45 mM (A) or Phe (10−6 M) (B). All values are means±S.E.M
(n=7). PN0.05 (two-way repeated-measures ANOVA and Bonferroni post-test).
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accordance with the Guide for Care and Use of Laboratory Animals
publishedby theUSNational Institutes ofHealth (NIHPublicationNo. 85–
23, revised 1996). The rats were housed under standard laboratory con-
ditions (12 h light/dark cycle at 21 °C),with free access to food andwater.
Thirty-ﬁve Male Wistar rats (230–280 g) were anesthetized with
thiopental sodium (40 mg/kg, intraperitoneal injection), and submit-
ted to a laparotomy for exsanguination via abdominal aorta and to a
thoracotomy for thoracic aorta harvesting. The thoracic aorta was
carefully dissected free of connective tissue and immediately
immersed in Krebs, to perform the vascular reactivity study, or in
Hanks solution, in order to do the cytoﬂuorographic analyses.
2.3. Vascular reactivity
The thoracic aorta immersed in Krebs (composition (mM): NaCl –
118.0, KCl – 4.7, CaCl2 – 2.5, KH2PO4 – 1.2, MgSO4 – 1.66, glucose –
11.1, NaHCO3 – 25.0, pH 7.4) was cut into rings (4–5 mm in length).
The endotheliumwas removed from some rings by gently rubbing the
intimal surface of the blood vessel with a pair of watchmaker's
forceps. This procedure removes the endothelium, but it does not
affect the ability of the vascular smooth muscle to contract or relax.
The rings were placed in isolated organ baths (10 mL) ﬁlled with
Krebs solution, maintained at 37 °C, and bubbled with 95% O2/5% CO2
(pH 7.4). Each arterial ring was suspended by two stainless steel clips
placed through the lumen. One clip was anchored to the bottom of the
organ bath, while the other was connected to a strain gauge for
measurement of the isometric force with the aid of the Grass FT03
equipment (Grass Instrument Company, Quincy, MA, USA). Each ring
was stretched to the optimal length–tension of 2.0 g (determined in a
pilot study) and allowed to equilibrate for 60 min. During this period,
tissues were washed every 15 min.
Theendotheliumwas considered tobepresentwhen theAch-induced
relaxation was at least 80% after pre-contracted with Phe (10−6 M –
EC80). Endothelium was deemed absent when the relaxation response
didnot occur. Then, each ringwaswashedand re-equilibrated for 30 min.
The aortic rings were then pre-contractedwith Phe (10−6 M) or KCl
(45 mM) and, after a stable plateau was reached, pH–response curves
were obtained. The pH–response curves allowed assessment of the
relaxation response to acetic acid (1 M) or HCl-induced (1 N)
extracellular acidiﬁcation (pH 7.4, 7.3, 7.2, 7.1, 7.0, 6.9, 6.8, 6.7, 6.6,
and 6.5). For this purpose, an electrode (Analion G2134, Ribeirão Preto,
SP, Brazil) connected to a pH-meter (MS tecnoponMPA 210, Piracicaba,
SP, Brazil) was immersed in the organ bath, enabling real-time
measurement of the Krebs solution pH simultaneously to tension
measurement; each point of the curve was obtained by adding a
sufﬁcient volume (approximately 2 to 3 μL) of HCl and acetic acid to the
preparation, in order to decrease the pH in 0.1 unit. The time elapsed
between consecutive additions of acid was ≈2 min, which was
necessary for observation of the effect of pH-changes and achievement
of the plateau, and the time spent to perform the curve was≈15 min.
Considering that the pH curve ranged from 7.4 to 6.5, the total ﬁnal
volume of acid added to the organ bath was about 30 μL.
The pH–response curves for the rings pre-contracted with Phe
were conducted in the presence or absence of indomethacin (10−5 M,
an unspeciﬁc cyclooxygenase inhibitor), L-NAME (10−4 M, an
unspeciﬁc NOS inhibitor) (Celotto et al., 2010; Viaro et al., 2008),
glibenclamide (10−5 M, an ATP-sensitive K+ channel blocker – KATP)
and apamin (10−6 M, a small conductance Ca2+-activated K+ channel
blocker – SKCa) (Mukohda et al., 2009). The preparations were
incubated with these inhibitors for 30 min.
2.4. Flow cytometry
The thoracic aorta immersed in Hanks (composition (mM): NaCl –
145.0, KCl – 5.0, CaCl2 – 1.6, NaH2PO4 – 0.5, MgCl2 – 0.5, dextrose –10.0, HEPES – 10.0, pH 7.4) was longitudinally opened and the
endothelial cells were isolated by gently rake friction. Next, the Hanks
solution containing the isolated cells was centrifuged at 200×g for
2 min and the cells were re-suspended in 1 mL of Hanks buffer. The
cells were then loaded with DAF-FM DA (5 μM, a selective NO
ﬂuorescent dye) and maintained in a humidiﬁed 37 °C incubator
gassed with 5% CO2 for 20 min. The cytoﬂuorographic analysis was
performed on a FACScan (Becton-Dickinson, San Jose, CA, USA): the
ﬂuorescence was excited with the 488 nm line of an argon ion laser,
and the emitted ﬂuorescence was measured at 515 nm. The
ﬂuorescence intensity was evaluated by the CellQuest 1.2 software
(Becton-Dickinson, Franklin Lakes, NJ, USA). The ﬂuorescence inten-
sity was measured before and after a stimulus with equal volumes of
HCl or Hanks solution for different time points (t=1, 3, 9, and
15 min). The HCl stimulation was employed in order to decrease the
pH from 7.4 to 7.0 and from 7.4 to 6.5, while the stimulus with Hanks
solution served as control. The ﬂuorescence intensity before the
stimulus was designated F0, and the ﬂuorescence intensity after the
stimulus for each time point was designated Ft. In this way, the
difference in ﬂuorescence intensity (ΔF=Ft−F0) was obtained for
each time point.2.5. Statistical analysis
The results are expressed as means±S.E.M. In the relaxation
study, the changes in vascular tension are expressed as percent of
relaxation in relation to the maximal contraction achieved by EC80
Phe, a convention that corrects inter-animal variability. The statistical
analysis was performed using two-way repeated-measures ANOVA
and Bonferroni post-test (Prism 4.0, GraphPad Software Inc., San
Diego, CA, USA). Values were considered to be statistically signiﬁcant
at P values less than 0.05.
Fig. 2. pH–response curve in endothelium-intact rat thoracic aortic rings exposed to
extracellular acidosis (HCl 1 N or acetic acid 1 M) in the presence (A) or absence (B) of
endothelium.Theringswerepre-contractedwithPhe(10−6M).All values aremeans±S.E.M
(n=7). PN0.05 (two-way repeated-measures ANOVA and Bonferroni post-test).
Fig. 3. pH–response curve in endothelium-intact (A) and endothelium-denuded (B) rat
thoracic aortic rings exposed to extracellular acidosis (HCl 1 N) in the presence or
absence of indomethacin (10−5 M) and L-NAME (10−4 M). The rings were pre-
contracted with Phe (10−6 M). All values are means±S.E.M (n=7). * indicate
difference between acidosis and acidosis plus L-NAME in the presence or absence of
endothelium (two-way repeated-measures ANOVA and Bonferroni post-test), Pb0.05.
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3.1. Vascular reactivity
The extracellular acidiﬁcation had no effect in arteries with or
without endothelium pre-contracted with KCl (45 mM) (Fig. 1A)
However, in rings pre-contracted with Phe, the extracellular acidosis
caused pH-dependent relaxation in endothelium-intact and denuded
aortic rings. At pH 7.0 there was a signiﬁcant difference between
endothelium-intact and denuded rings (73.12±3.51% versus 39.56±
4.93%, respectively, Pb0.05, Fig. 1B), however at pH 6.5 this differ-
ence was no longer noticed (94.33±1.96 versus 91.42±0.95,
respectively, PN0.05, Fig. 1B). Either HCl or acetic acid induced the
same relaxation amplitude in both rings with (Fig. 2A) and without
endothelium (Fig. 2B).Fig. 4. pH–response curve in endothelium-intact (A) and endothelium–denuded (B) rat
thoracic aortic rings exposed to extracellular acidosis (HCl 1 N) in the presence or absence of
apamin (10−6 M) and glibenclamide (10−5 M). (C) pH–response curve in endothelium-
intact rings in thepresence or absence of apamin plus L-NAME (10−6M) and glibenclamide
plus L-NAME (10−5 M). The rings were pre-contracted with Phe (10−6 M). All values are
means±S.E.M (n=7). * Pb0.001, # Pb0.01 between acidosis and acidosis plus apamin,
acidosis plus glibenclamide, acidosis plus glibenclamide plus L-NAME and acidosis plus
apamin plus L-NAME, in the presence or absence of endothelium (two-way repeated-
measures ANOVA and Bonferroni post-test).
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acidiﬁcation neither in endothelium-intact nor denuded rings
(Fig. 3A and B). However, this relaxation was inhibited by L-NAME
in rings with endothelium at pH 7.0 (73.12±3.51% before versus
32.54±2.57% after incubation with L-NAME, Pb0.05, Fig. 3A) and in
rings without endothelium at pH 6.5 (91.42±0.95% before versus
73.32±6.44% after incubation with L-NAME, Pb0.05, Fig. 3B) and pH
7.0 (39.56±4.9% before versus 20.06±4.1% after incubation with
L-NAME, respectively, Pb0.05, Fig. 3B). The acidiﬁcation induced-relaxation
was also inhibited by apamin in endothelium-intact (94.33±1.96% before
versus 52.82±6.96% after incubation with apamin, Pb0.001, Fig. 4A) and
denuded rings (91.42±0.95% before versus 22.96±2.96% after incubation
withapamin,Pb0.001, Fig. 4B)at pH6.5. Thesame resultwas observed for
glibenclamide: the relaxation was inhibited at pH 6.5 for both
endothelium-intact (94.33±1.96% before versus 63.49±4.26% after
incubation with glibenclamide, Pb0.001, Fig. 4A) and denuded rings
(91.42±0.95% before versus 22.50±2.50% after incubation with
glibenclamide, Pb0.001, Fig. 4B). In endothelium-intact arteries,
incubation with L-NAME plus apamin or glibenclamide caused greater
inhibitory effect on acidosis-induced relaxation compared with incuba-
tion in the presence of one of the potassium channels inhibitors alone
(Fig. 4C). At pH 6.5, relaxation in the presence of apamin was 52.82±
6.96% and apamin plus L-NAME was 30.56±9.74 (Pb0.05); for
glibenclamide the relaxation was 63.49±4.26% and glibenclamide
plus L-NAME was 34.76±7.73% (Pb0.05).
3.2. Flow cytometry
In aortic endothelial cells, the ΔF for DAF-FM DA increased at pH
7.0 and pH 6.5 in comparison with pH 7.4 at two different time points,
9 min (Pb0.05) and 15 min (Pb0.01), showing that acidosis promoted
time-dependent increase in NO production (Fig. 5).
4. Discussion
The reported relations between acidosis and vascular tone in
arteries are complex and often contradictory and inconclusive
(Celotto et al., 2008; Smith et al., 1998), possibly because of the
confounding inﬂuences from neurohumoral and/or local control
mechanisms (Ishizaka and Kuo, 1996; Kitamura and Kamouchi,
1993; Standen and Quayle, 1998), the difference between vessels
(artery, vein, conductance, resistance), (Smith et al., 1998) and the
degree and time of acidosis exposure (Celotto et al., 2008). However,
the vasodilation in response to acidosis has been consistently reported
in many vascular beds of mammalian tissue, including cerebral
circulation (Aalkjaer and Poston, 1996; Horiuchi et al., 2002; LindauerFig. 5. Effect of extracellular acidosis (pH 7.0 and 6.5) on the nitric oxide production in isolate
DA (5 μM). The stimulus with HCl was used to decrease the pH from 7.4 to 7.0 and from 7.4 to
intensity (ΔF) was measured 1, 3, 9, and 15 min after the stimulus. All values are means±
repeated-measures ANOVA and Bonferroni post-test).et al., 2003), coronary (Gurevicius et al., 1995; Ishizaka et al., 1999;
Phillis et al., 2000), pulmonary (Balasubramanyan et al., 2000; Gao
et al., 1999; Hyvelin et al., 2004), mesenteric (Austin andWray, 1993;
Iarysev and Karachentseva, 1996; Matthews et al., 1992), and aorta
(Hattori et al., 2002; Loutzenhiser et al., 1990; Modin et al., 2001).
It is hard to ﬁnd studies about the direct effect of pH on the aorta
reactivity, because they usually focus on the agonists effects under
acidosis condition (Kinoshita and Katusic, 1997; Lopez et al., 2008;
Subramaniam et al., 2009). Our study investigated the direct effect of
acidiﬁcation on the aorta reactivity and we found that under resting
condition there were no changes in the vascular tone during acidosis.
However, when the aorta rings were pre-contracted with Phe or
prostaglandin F2α (data not shown) the acidosis induced vasodilation.
Then, the Phe was chosen for the accomplishment of all the protocols.
In order to conﬁrm that the aorta vasodilation was induced by the
medium acidiﬁcation instead of a direct effect of HCl, we applied the
acetic acid to bring down the pH and observed the same degree of
relaxation for both acids, endorsing that the vasodilation effect of HCl
on the aorta is mediated by the pH.
To evaluate the role of the prostanoids in the acidosis-induced
relaxation we used indomethacin, which had no effect on the aorta
response. Then, we can exclude the prostacyclin participation.
However, both endothelial removal and L-NAME reduced (did not
completely abolish) the acidosis-induced dilation, indicating that
endothelial NO works in association with some other non-endothelial
factor to promote the acidosis-dependent relaxation in the rat aorta. It
has been shown that the acidosis induces the NO production. The
acidosis favors the NO formation because the NOS is activated upon
pH reduction (Wang et al., 1992), the released NO is protected from
degradation because this radical is stable in acidosis conditions,
(Hattori et al., 2002; Ignarro, 1989) and the non-enzymatic reduction
of nitrite to NO takes place in acidic medium (Modin et al., 2001). The
NO participation in vasodilation was also conﬁrmed by measuring NO
in endothelial cells under acidosis. We demonstrated a time-
dependent increase in the NO concentration at both pH 7.0 and 6.5.
It is important to remember that both endothelial and vascular
smooth muscle cells have biochemical pathways to produce NO
(Celotto et al., 2010; Schini and Vanhoutte, 1991). This can explain our
result that shows diminished acidosis-dependent relaxation in
denuded rings after L-NAME incubation and points to the smooth
muscle NO as one of the possible non-endothelial relaxing factors
under acidosis condition.
Another potential non-endothelial relaxing mechanism is activa-
tion of K+ channels. Several kinds of K+ channels were identiﬁed in
the vascular smooth muscle and their involvement in the cerebral
vasodilation induced by acidosis has been shown (Kinoshita andd endothelial cells obtained from rat thoracic aorta. The cells were loaded with DAF-FM
6.5, while the stimulus with Hanks (pH 7.4) served as control. Difference in ﬂuorescence
S.E.M (n=7 for each pH value). * Pb0.05, # Pb0.01 versus control (pH 7.4) (two-way
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most important K+ channels engaged in the acidosis dependent
relaxant response (Horiuchi et al., 2002; Kinoshita and Katusic, 1997;
Lindauer et al., 2003). To verify if the KATP and SKCa channel had a role
in the aortic vasodilation induced by acidiﬁcation we performed the
pH–response curves in the presence of glibenclamide and apamin,
respectively, and observed that both blockers inhibited the relaxation.
These results conﬁrm the participation of KATP and SKCa channel in the
relaxation induced by acidosis and are in agreement with many
studies performed in other vessels (Kontos and Wei, 1996; Kwan
et al., 2003). Moreover, we demonstrated complete inhibition of the
relaxation by increasing the extracellular K+ concentration. Consid-
ering that high K+ concentration inhibit the activity of all K+ channels
(Adeagbo and Triggle, 1993; Kinoshita and Katusic, 1997), we can
suggest the participation of other K+ channels, besides the KATP and
SKCa channels, in the acidosis induced relaxation in the rat aorta.
The incubation of endothelium-intact rings with glibenclamide or
apamin reduced the vasodilation, however, the total abolishment of the
relaxation was possible only with the association of one of these K+
channel blockers with L-NAME, corroborating the previous ﬁnding of
endothelial NO participation. Our data also show that in endothelium-
denuded rings the inhibition of the KATP channel or the SKCa channel is
enough to completely abolish the acidosis-induced relaxation, which
can indicate that there is somecrosstalk between these twoK+channels
pathways and between these K+ channels and the NO. In fact, it was
demonstrated that the NO vasodilator response in the rat middle
cerebral artery is mediated by cGMP-independent activation of Ca2+-
activated K+ channels (Yu et al., 2002). It was also shown that the
activity of both Ca2+-activated K+ and KATP channels in the cerebral
circulation is dependent of theNO concentration (Lindauer et al., 2003).
Moreover, there are other evidences showing the direct activation of K+
channels by theNO in the vascular smoothmuscle (Bolotina et al., 1994;
Li et al., 1997; Miura et al., 1999).
In conclusion, we demonstrated that extracellular acidosis pro-
motes vasodilationmediated by NO and/or K+ channels in isolated rat
thoracic aorta. We showed that KATP and SKCa channels play an
important role, but we cannot exclude the role of the other K+
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